In many Gram-negative bacterial species, rough strains producing truncated lipopolysaccharide (LPS) generally exhibit defects in motility compared with smooth strains. However, the role that LPS plays in bacterial motility is not well understood. The goal of this study was to examine the relationship between LPS defects and motility of Pseudomonas aeruginosa. P. aeruginosa wildtype strain PAO1 and three isogenic mutants with defects in the rmlC, migA and wapR genes and producing truncated core oligosaccharide were investigated in terms of motility, attachment to glass and flagella expression. Compared with the wild-type, the three mutants showed significant retardation in both swarming motility on 0.5 % soft-agar plates and swimming motility on 0.3 % soft-agar plates. Moreover, attachment to abiotic surfaces was observed to be stronger in these mutants. The assembly of flagella appeared to be intact in these strains and the ability of individual cells to swim was unaffected. Flagellin proteins prepared from mutants rmlC and rmd, defective in the production of TDP-L-rhamnose and GDP-D-rhamnose, respectively, were compared and a change in molecular mass was observed only in the rmlC mutant. These data indicated that L-rhamnose, and not its enantiomer, D-rhamnose, is incorporated into the flagellin glycan of P. aeruginosa PAO1. The nucleotide-activated sugar precursor TDP-L-rhamnose is therefore shared between LPS biosynthesis and flagellin glycosylation in P. aeruginosa PAO1. Our results suggest that although biochemical precursors are shared by LPS and flagellin glycan biosynthesis, LPS truncations probably alter flagella-mediated motility in P. aeruginosa by modulating cell-surface attachment but not flagella synthesis.
INTRODUCTION
Pseudomonas aeruginosa is a motile, Gram-negative bacterium capable of adapting to survive in a wide range of environments. In addition, it is an important opportunistic pathogen that can colonize human tissues, often causing severe to fatal infections in individuals with cystic fibrosis, compromised immune systems and burn wounds. LPS is an integral component of the outer leaflet of the outer membrane of this organism, where it functions in maintaining cell envelope stability, forming a permeability barrier, and participating in pathogenesis. Each LPS molecule is divided into three regions: lipid A, core oligosaccharide (OS) and O polysaccharide (O antigen) . The core OS of P. aeruginosa LPS can be further divided into two regions, inner and outer core OS (Sadovskaya et al., 2000) . In P. aeruginosa PAO1 the outer core OS is composed of three D-glucose (D-Glc) residues, one Lrhamnose (L-Rha), and one N-(L-alanyl)-D-galactosamine (Fig. 1 ).
Four enzymes encoded by genes in the rmlBDAC operon catalyse the conversion of glucose 1-phosphate to dTDP-LRha, which is the precursor for the L-Rha present in the outer core OS (Rahim et al., 2000) . L-Rha is transferred to the core OS by one of two putative rhamnosyltransferases, MigA and WapR, which attach L-Rha to D-Glc with distinct linkages. The result is two glycoforms of the core OS that exist simultaneously on the cell surface (Poon et al., 2008) . MigA is associated with the transfer of L-Rha to an a-D-Glc residue on the core OS through an a-1,6 linkage (Sadovskaya et al., 2000) . In contrast, the second putative rhamnosyltransferase, WapR, is associated with adding LRha through an a-1,3 linkage to a b-D-Glc, creating a branch in the outer core OS structure (Sadovskaya et al., 1998 (Sadovskaya et al., , 2000 . Once an a-1,3 linkage between L-Rha and DGlc is established, the L-Rha in that specific locus of the core OS becomes the receptor for the attachment of the first residue of the O antigen, N-acetylfucosamine (Rahim et al., 2000) . Therefore, truncation at the L-Rha residue of the capped core OS via a mutation in wapR would result in the absence of the O antigen from the LPS molecule (known as the rough phenotype). In contrast, truncation at the L-Rha residue of the uncapped core via a mutation in migA would not affect attachment of O antigen to the LPS molecule. A mutation in rmlC (which encodes the dTDP-4-dehydrorhamnose 3,5-epimerase essential for the production of dTDP-L-Rha) would result in the truncation of both the capped and uncapped core, leading to the rough phenotype as well (Fig. 1) .
P. aeruginosa possesses a polar flagellum associated with swimming and swarming motility. The subunit protein of the flagellum, flagellin, of P. aeruginosa strains is modified with one of two types of glycan, called a-type and b-type (Brimer & Montie, 1998; Schirm et al., 2004; Verma et al., 2006) , which have been shown to be important for virulence, but not motility (Arora et al., 2005) . Flagellin has been analysed by MS in order to identify the composition of the flagellin glycans (for a comparison of the two, see Verma et al., 2006) . A deoxyhexose residue has been identified as a component of a-type flagellin, which the authors predicted to be rhamnose (Schirm et al., 2004) . A rhamnose residue has been identified by MS to be a component of b-type flagellin, which is found in strain PAO1 (Verma et al., 2006) . However, the specific enantiomer of rhamnose present in the flagellin glycan has still not been determined.
The relationship between LPS and motility has been investigated in numerous bacterial species, including Salmonella spp., P. aeruginosa and Stenotrophomonas maltophilia (Huang et al., 2006; Kim & Surette, 2005; Toguchi et al., 2000) . In a transposon screen to isolate mutants that are defective in swarming motility in Salmonella enterica serovar Typhimurium, several mutants were found to produce truncated LPS (Toguchi et al., 2000) . The defect in swarming in these mutants was partially rescued by the addition of an exogenous surfactant (surfactin from Bacillus subtilis or commercially prepared LPS), leading to the proposal that LPS facilitates translocation across a substratum. In a separate study of 167 Salmonella spp. variants, eight strains were identified to be defective in swarming. Of these eight variants, two lacked O antigen but were capable of swimming, two were defective in swimming and produced O antigen, and the remaining four demonstrated normal swimming and possessed O antigen, despite being defective in swarming motility (Kim & Surette, 2005) . Interestingly, Wang and co-workers, who examined the level of gene expression in S. enterica serovar Typhimurium with respect to growth conditions, observed that genes involved in LPS biosynthesis (core OS and O antigen) were expressed at higher levels when the bacteria were grown on agar surfaces than when grown in broth media (Wang et al., 2004) . However, no significant difference in expression levels of LPS biosynthesis genes could be discerned between bacteria that were grown on 0.6 % and those grown on 1.5 % agar. The results from these experiments involving Salmonella spp. indicate some relationships between the importance of wild-type LPS and normal swimming and swarming, but could not define the exact role of O antigen in motility in these bacteria. Recent studies of P. aeruginosa and a closely related organism, Stenotrophomonas maltophilia, have demonstrated a correlation between the loss or decrease of flagella on the cell surfaces of a population of bacterial cells and defects in LPS biosynthesis in these bacteria (Abeyrathne et al., 2005; Huang et al., 2006) . A study by our group has demonstrated that a knockout mutation in waaL of P. aeruginosa, which encodes a ligase that links O antigen to the core OS, significantly affects swimming and pili-mediated twitching motilities in the mutant as compared with the wild-type strain (Abeyrathne et al., 2005) . Examination of waaL mutant cells by transmission electron microscopy (TEM) showed that there was a significant reduction in the number of bacterial cells that possessed flagella and pili on the cell surface. The deficiencies in both swimming and twitching motilities were restored when the waaL mutant was complemented by providing waaL in trans. Recently, Huang and co-workers performed transposon mutagenesis on a Stenotrophomonas maltophilia strain and isolated three mutants with defects in biofilm formation and motility (Huang et al., 2006) . The genes affected in these mutants were rmlA, rmlC and xanB, all of which are presumably associated with cell-surface polysaccharide biosynthesis. The rmlA and rmlC mutants were found to be devoid of O antigen in their LPS and defective in twitching, but not swimming. The xanB mutant, which has a truncated core OS, was defective in both swimming and twitching motilities. Flagella were found to be present on the rmlA and rmlC mutants, but absent on the cell surface of the xanB mutant, suggesting a reason for the defect in swimming in this mutant. The presence (or absence) of pili was not examined in this study, since only light microscopy was used. Altogether, these studies correlate LPS defects with deficiencies in motility in Gram-negative bacteria; however, the role that LPS plays in the motility of these bacteria is not well understood.
The goal of this study was to investigate the relationship between LPS and flagella-mediated motility of P. aeruginosa. Specifically, we examined whether LPS core OS truncation has an effect on the production and function of the flagellum and also whether this core OS defect affects the attachment of the bacterium to surfaces. Specific mutants were selected in order to present a panel of strains either possessing or lacking O antigen. The rmlC and wapR mutants both lack O antigen and have a truncated core, whereas the migA mutant possesses O antigen and still has a truncated core.
METHODS
Bacterial strains and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . P. aeruginosa strains Generation of an rmlC knockout mutant in the strain PAO1 background. A construct in plasmid pRMLGm in which rmlC is interrupted by the gentamicin-resistance cassette has been generated previously (Rahim et al., 2000) . This construct was used to generate a non-polar knockout rmlC mutant that was isogenic to the wild-type strain PAO1 following an allelic replacement method described elsewhere (Hoang et al., 1998; Schweizer & Hoang, 1995) . To verify the non-polar nature of the knockout, complementation of the rmlC mutant by introducing the wild-type rmlC gene in trans was performed according to an established protocol (Chuanchuen et al., 2002) . Two other mutants, migA and wapR, had been produced by our group previously (Poon et al., 2008) . All mutants used in the study were chromosomal knockout mutants.
Preparation and detection of flagellin. The isolation of flagellin was performed with minor modifications of standard procedures (Brimer & Montie, 1998; Miller et al., 2008) . Briefly, flagella were isolated from cells grown overnight in Davis minimal broth (Difco Laboratories) supplemented with 0.01 M glucose, 0.8 mM MgSO 4 , 0.015 mM thiamine and 0.04 mg casamino acids ml 21 . Flagellin was isolated by centrifugation and purified using ammonium sulfate precipitation (at 10 % saturation) followed by dialysis against deionized water. Flagellin preparations were resolved using SDS-PAGE and detected by staining with Simply Blue Safestain (Invitrogen) or by Western immunoblotting according to the procedures described previously by our group (Poon et al., 2008) . Flagellin was identified as the major protein present in the preparations by performing in-gel tryptic digestion (Shevchenko et al., 1996) followed by nano-ultraperformance liquid chromatography (UPLC) MS analysis and database searching. Nano-UPLC-MS/MS analyses were performed using a nanoAcquity UPLC System (Waters) in combination with a QTOF micro mass spectrometer (Waters Micromass). The column used was a 75 mm6150 mm Atlantis dC18 column packed with 3 mm particles with an initial Symmetry C18 trapping column of 180 mm 6 20 mm with 5 mm particles. The UPLC was coupled with the mass spectrometer using a Universal Nanoflow Sprayer (Waters) operated with a PicoTip Emitter (New Objective) with an inner diameter of 10 mm. UPLC-MS/MS analyses were carried out at a flow rate of 400 nl min 21 and a column temperature of 35 uC. Samples were loaded onto the trapping column and washed for 3 min with a mixture of 98 % buffer A (water with 0.1 % formic acid) and 2 % buffer B (acetonitrile with 0.1 % formic acid). Peptides were separated using a linear gradient from 98 % buffer A: 2 % B to 60 % A : 40 % B in 40 min. The mass spectrometer was operated in positive ion mode with a capillary voltage of 3600 V and a cone voltage of 35 V. Data were acquired in DDA (data dependent acquisition) mode; one survey scan of 2 s was carried out followed by up to three MS/MS scans (of 2 s) of each of the three most intense precursor ions. MS/MS spectra were processed using Peaks Studio 4.5 (Bioinformatics Solutions) and searched against the protein database NCBI (Ma et al., 2003) . These searches were performed using trypsin specificity with the possibility of one missed cleavage at an MS tolerance of 100 ppm and an MS/MS tolerance of 0.1 Da, and included the following variable modifications: carbamidomethyl-Cys and oxidized Met.
Preparation of antiserum containing anti-flagellin antibodies.
Purified flagellin was separated by SDS-PAGE and the region of the gel containing flagellin was removed using an ethanol-cleaned scalpel blade. The protein was electro-eluted from the gel fragments according to the manufacturer's specifications (Bio-Rad) using membrane caps with a molecular mass cut-off of 3000 to seal the column. Female White New Zealand rabbits (~2.5 kg) were immunized with the purified antigen according to a standard procedure described by our group (Lam & Mutharia, 1994) .
Motility assays. Swimming motility was examined on 0.3 % (w/v) agar media composed of tryptone (10 g l 21 ), NaCl (5 g l 21 ) and Bacto Agar, as described elsewhere (Rashid & Kornberg, 2000) . Plates were point-inoculated from cultures grown overnight on LB agar and incubated for 18 h at 37 uC. Swarming motility was examined on 0.5 % (w/v) agar medium containing nutrient broth (8 g l 21 ) supplemented with 0.25 % (w/v) glucose and solidified with Bacto Agar (Rashid & Kornberg, 2000) . Plates were inoculated with liquid overnight cultures grown in broth that were standardized to OD 600 1.0. Growth was analysed after 24 h of incubation at 37 uC.
Assessment of bacterial adhesion by microscopy. Overnight cultures of bacteria grown in LB were subcultured to an OD 600 between 0.5 and 0.7. Cultures were standardized to OD 600 0.5, and 75 ml of a 1 : 10 dilution was examined on a glass slide modified to function as a well slide with the sample placed between two fixed coverslips with a final coverslip over the top of the sample for viewing purposes. Samples were viewed within 15 min of removal from the original culture and within 5 min of being placed on the slide. Images were captured with an Axiovert 200M inverted microscope equipped with a FluoArc mercury light source (Carl Zeiss MicroImaging), a Retiga EXi charge-coupled device (CCD) digital camera, and Capture2 software version 2.66 (Q imaging). Images were captured with a 0 s delay on the camera and 1 ms exposure time. Images were analysed with OpenLab software (Improvision). The swimming speed of cells was determined by measuring the distance travelled by an individual cell moving in an approximately straight line for three successive frames and averaged per frame. Speeds reported are relative to the speed of the wild-type strain. The dispersion of cells by liquid media was observed by placing a colony of cells grown on 1.5 % agar overnight onto a glass coverslip and applying 75 ml of liquid medium. Images were captured as described above for 200 consecutive frames.
TEM. The presence of flagella and pili on cells grown to an OD 600 of 0.6 in LB were examined by TEM on three separate occasions. A 200-mesh Formvar carbon-coated grid was placed on top of 10 ml of the liquid bacterial culture. The grid was rinsed with water and excess water was removed by blotting onto a Whatman filter no. 1. Washing and blotting were repeated twice. The grid was floated on 10 ml uranyl acetate solution, and excess solution was removed. Samples were examined using a CM-10 transmission electron microscope (Philips) operating at 80 kV, and the images were captured with an SIS Morada CCD camera equipped with iTEM software (Olympus Canada).
RESULTS

LPS truncation affects migration on soft-agar plates
An examination of the motility on soft-agar plates of P. aeruginosa migA, wapR and rmlC mutants with truncated LPS demonstrated that these LPS mutants have an altered motility phenotype compared with the wild-type strain PAO1. Firstly, 0.3 % agar was used to examine the swimming mode of growth. Under these conditions, the colony diameter of the wild-type strain PAO1 was 60.0±7.0 mm (Fig. 2a) . The migA mutant migrated to a similar extent, as demonstrated by an average colony diameter of 62.6±3.5 mm. In contrast, the colony diameters of the wapR and rmlC mutants (both lacking O antigen) were significantly smaller at 43.0±4.0 mm and 25.8±2.6 mm, respectively (ANOVA, P,0.05). Secondly, when swarming motility was examined on 0.5 % agar, a characteristic dendritic (branched) colony growth pattern was observed for the wild-type PAO1 colony, which grew to a diameter of 35.6±8.3 mm (Fig. 2b) . All three core OSdeficient mutants demonstrated reduced swarming motility to varying extents. The colony diameter of the migA mutant was 15.3±9.4 mm, and the degree of branching was considerably less in terms of the numbers and length of branches. The wapR and rmlC mutants were significantly reduced in their ability to swarm, as evidenced by the small colony diameters (6.4±1.7 mm and 5.4±1.8 mm, respectively) and the complete abrogation of colony branching. When the rmlC mutant was complemented with a wildtype copy of the gene, the motility was restored to a level similar to the wild-type, in terms of colony diameter. The average colony diameter was 57.1±2.1 mm on the swimming agar (wild-type~60 mm) and 29.4±5.3 mm on the swarming agar (wild-type~36 mm). The branching Representative images of colonies are shown. Colonies were grown on LB solidified with 0.5 % agar. All the LPS mutants examined showed altered swarming properties, including reduced diameter. The branching of the colony morphology was reduced in the migA mutant and abrogated in the wapR and rmlC mutants. Complementation with a wild-type copy of the mutated gene partially restored swarming motility in the rmlC mutant. The colony morphology of the migA-and wapRcomplemented strains was partially restored, and undulated and filamentous morphologies, respectively, were observed. The filamentous colony morphology of the wapR-complemented strain is shown in the inset. The colony diameters of the migA-and wapR-complemented strains were not restored to wild-type size (see text).
of the colony morphology was restored to a small degree, with most colonies demonstrating undulated growth morphology (Fig. 2b) . In contrast, in an empty-vector control, the presence of the complementation vector pUCP26 without any additional inserted genes did not cause any changes to the colony sizes as compared with the wild-type bacteria (data not shown). Complementation with wild-type copies of migA and wapR did not fully restore the defects in motility in the mutants of these genes. The average colony diameter for the migA-complemented strain was 24.0±1.0 mm on swimming agar and 18.4±5.0 mm on swarming agar (both smaller than wild-type). The average colony diameter for the wapRcomplemented strain was 21.7±1.2 mm on swimming agar and 15.6±4.9 mm on swarming agar (also smaller than wild-type). The migA-complemented strain exhibited an undulated growth pattern and the wapR mutant had a filamentous growth morphology pattern, indicating that some degree of restoration of the motility phenotype had occurred (Fig. 2b) . These results can be explained by the fact that genetic manipulations that result in changes to the balance of these enzymes (MigA and WapR), which is thought to be important for the distribution of capped and uncapped LPS on the cell surface, may affect the composition of LPS at the cell surface (Yang et al., 2000) . Together, these data suggested that flagella-mediated motility is altered in the core OS-deficient mutants, with a greater defect demonstrated in swarming than swimming and in cells lacking O antigen (wapR and rmlC) compared to those producing O antigen (migA).
Flagellin expression is not affected by LPS truncation
To establish whether any defect existed in the production of the flagellin protein in the LPS-deficient mutants, the level of flagellin present in whole-cell lysates was examined. Standardized amounts of whole-cell lysates were prepared from cells grown in liquid broth, resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and probed with antiserum containing rabbit polyclonal antibodies raised against the flagellin protein. No substantial difference in the amount of flagellin present in the lysates of the LPS mutants as compared with the wild-type could be discerned (Fig. 3a) . No flagellin was detected in the culture medium when it was examined as above (data not shown), Fig. 3 . Analysis of flagellin in PAO1 wild-type and LPS mutants. (a) Western immunoblots of the whole-cell lysates were probed with antiflagellin polyclonal antibodies and developed with an alkaline phosphatase-conjugated secondary antibody and appropriate substrates. Similar amounts of flagellin protein were produced in all the strains that were studied. No detectable amounts of flagellin were present in the supernatant when cells were harvested (not shown). Flagellin is located at band 1. Band 2 is likely another protein in the lysates to which the anti-flagellin antibodies are cross-reactive, since this band does not appear in the Western immunoblots of purified flagellin. (b) Western immunoblotting analysis of purified flagellin. A flagellin monomer band at 49 kDa was observed in each of the samples except the one prepared from the rmlC mutant, which showed increased mobility. The flagellin from an rmlC-complemented strain (RC26) and from the rhamnosyltransferase mutants migrated similarly to that of the wild-type. Flagellin purified from strain PAK migrated to its expected apparent molecular mass of 40 kDa. The rabbit antisera raised against strain PAO1 flagellin are also crossreactive with PAK flagellin. (c) Western immunoblotting of flagellin prepared from an rmd mutant. The immunoblot was probed with antiflagellin antibodies. The migration of flagellin prepared from an rmd mutant (D-Rha-deficient) is similar to that of the wild-type strain.
confirming that flagellin was not released from the bacterial cells at the mid-exponential phase of growth.
Flagellin from an rmlC mutant has an altered molecular mass
In order to further analyse the flagellin protein, it was purified as described in Methods. The major protein present in the flagellin preparations was confirmed to be btype flagellin of P. aeruginosa PAO1 using nano-UPLC-MS/MS analysis of an in-gel trypsin digest of the proteins, as described in Methods (data not shown). When subjected to SDS-PAGE, purified flagellin from the LPS mutant strain (Fg rmlC ) was visualized as a faster-migrating band, consistent with a protein that has slightly lower molecular mass as compared with wild-type PAO1 flagellin (Fg PAO1 ) (Fig. 3b) . When the rmlC mutant was complemented with the wild-type rmlC gene in plasmid pRML-C-26, the flagellin prepared from this recombinant strain exhibited the same relative mobility in SDS-PAGE as the wild-type Fg PAO1 , indicating that they had identical molecular masses. The relative mobility of the flagellin isolated from migA and wapR rhamnosyltransferase mutants was identical to that of the wild-type, supporting the idea that the change in mobility of Fg rmlC was due specifically to the loss of the rmlC gene and not to defects in LPS assembly. Furthermore, the relative mobility of flagellin isolated from an rmd mutant in the gel was also identical to that of wildtype Fg PAO1 (Fig. 3c ) (see Discussion). Since rmd is involved in the biosynthesis of GDP-D-Rha (which is incorporated into A-band O antigen), and rmlC is involved in the biosynthesis of TDP-L-Rha, these results suggested that the change in migration of flagellin was attributable specifically to the lack of the TDP-L-Rha precursors in the cell.
Flagellar assembly and function is not affected by LPS truncation
Having established that the level of flagellin expression was not affected in the LPS mutants, TEM was used to determine whether there were any defects in the assembly of the flagella, as a result of mutations in LPS assembly genes. The electron micrographs showed that the wild-type and LPS mutants all assembled flagella at the surface of the cell (Fig. 4) . The presence of pili was observed on the surfaces of the bacterial cells, except for the rmlC mutant, in which only pilus fragments were detected. We propose that the mutation of rmlC likely affected the integrity of the membrane, causing the pili in this strain to become Fig. 4 . TEM detection of assembled flagella on the cell surface of PAO1 wild-type and LPS mutants. Fully assembled flagella were present on the surface of all strains studied (indicated by the arrows with asterisks). Assembled pili were observed for the wild-type, migA and wapR mutants (indicated by arrows). Fragments of pili were observed for the rmlC mutant (data not shown).
particularly easy to shear off during sample preparation for electron microscopy analysis. The use of immunochemical or biochemical methods to further identify and characterize pili in P. aeruginosa PAO1 and the LPS truncation mutants was not pursued because it was beyond the scope of this study. To demonstrate flagellar function, swimming speeds of individual cells were next measured by light microscopy. There was no significant difference in the swimming speeds of any of the mutant strains studied relative to the normalized speed of wild-type cells (ANOVA, P,0.05) (data not shown).
Attachment of bacterial cells to surfaces is altered in LPS mutants
Planktonic cells growing in liquid cultures were examined by light microscopy and categorized as swimming or attached to the glass coverslip. PAO1 wild-type and migA mutant cells exhibited similar percentages of cells swimming (46.6±14.9 % and 47.5±10.3 %, respectively) (ANOVA, P,0.05) (Fig. 5) . This is in contrast to the cell population of the wapR mutant, which had a significantly smaller proportion of swimming cells, 26.4±13.5 % (ANOVA, P,0.05). Similarly, the rmlC mutant demonstrated a significantly lower number with only 11.0±4.3 % of cells swimming (ANOVA, P,0.05). The smaller proportion of swimming cells in the respective populations of wapR and rmlC mutants correlated with increased attachment of the cells to the substratum. Altogether these results showed that the wapR and rmlC mutants demonstrated differential attachment properties to glass compared with the wild-type strain.
Using microscopy we examined the capability of each of the bacterial strains to swim when liquid medium was added to a colony of cells that was adhering to a microscope slide (see Methods). In all strains studied, active swimming, Brownian motion and passive movement of cells were observed. A large proportion of the PAO1 wild-type cell population migrated a considerable distance away from the colony edge, creating a layer of cells that attached to the glass beyond the original colony edge (Fig.  6, Supplementary Movie S1) . A layer of cells resulted from the dispersion of the migA mutant cells as well; however, fewer cells migrated from the original colony (Fig. 6,  Supplementary Movie S2) . In comparison, only a few individual cells from the wapR (Fig. 6 , Supplementary Movie S3) and the rmlC (Fig. 6 , Supplementary Movie S4) mutant cell populations migrated away from the colony edge. The colony edge of the wapR and rmlC mutants was virtually intact (i.e. identical to the location of the original colony edge) after 10 min of observation by light microscopy (results not shown).
DISCUSSION
Reduced motility is due to changes in adhesion and not to loss of flagella Several studies examining the motility of rough mutants of Escherichia coli, Helicobacter pylori and P. aeruginosa suggest that LPS defects affect the assembly of flagella and/or pili on bacterial cell surfaces (Abeyrathne et al., 2005; Genevaux et al., 1999; Huang et al., 2006; MerkxJacques et al., 2004; Parker et al., 1992) . In contrast, the results of our study showed that flagella production and assembly in the migA, wapR and rmlC mutants derived from P. aeruginosa PAO1 were operating at normal levels, despite an observed retardation in the migration of the bacteria on soft-agar plates. We have provided evidence to show that the truncation of LPS (specifically the loss of O antigen) does not always lead to a loss of the flagella or pili that are responsible for bacterial motility. Interestingly, when motility was examined on soft-agar plates, each of the isogenic mutants of P. aeruginosa PAO1 lacking O antigen was observed to be more defective in migration on agar plates than strains producing O antigen. In addition, swarming exhibited by the LPS mutants was significantly more impaired when compared with swimming motility in these strains. Interestingly, when the swimming speed of individual cells that were grown in liquid medium was determined, no significant difference could be found between wild-type and mutant strains. The deficiency in swarming by the rmlC mutant was as expected, since TDP-L-Rha, a precursor for rhamnolipid production, could not be made by the mutant cells, and rhamnolipids have been shown to be essential for swarming (Caiazza et al., 2005) . The two rhamnosyltransferase mutants, migA and wapR, also exhibited reduced swarming, despite the production of rhamnolipids, which were detected by TLC (results not shown). Therefore, these observations suggest that LPS is important for effective swarming in P. aeruginosa. However, the pathways between core OS biosynthesis and rhamnolipid biosynthesis are not linked, except for the requirement for the common nucleotide-activated precursor TDP-L-Rha.
The precise mechanism of the effect of LPS on swarming and why swarming was affected more than swimming in the LPS mutants remain to be determined. Three scenarios could explain the relationship between changes in LPS composition and defects in swarming. The first is that changes in LPS or alteration of the expression of LPS biosynthetic enzymes has consequences on the expression of genes involved in swarming. A recent study examining transposon mutants defective in swarming in P. aeruginosa PAO1 did not detect disruption in LPS genes that could be correlated with swarming motility (Overhage et al., 2007) . However, the culture conditions used during the transposon screen were markedly different from the conditions used in our study, including a different choice of culture media (lacking glucose), incubation time and temperature. A second scenario could involve interactions between LPS and rhamnolipids. Using standard methods to prepare rhamnolipids and identifying these molecules by TLC, we were able to verify that rhamnolipid production was not impaired in the migA and wapR mutants (results not shown). However, since it has been reported that rhamnolipids may interact with LPS (Al-Tahhan et al., 2000) , it is possible that the truncated LPS molecules in migA and wapR mutants are interacting with rhamnolipids differently from the wild-type, since the physicochemical properties of the mutant LPS are changed. The third possibility for the decrease in swarming motility exhibited by the LPS mutants is that changes to the cell-surface physicochemistry in the mutants has an effect on the ability of the mutant bacterial cells to attach to surfaces, including the agar matrix. Since altered motility of individual cells was not observed, the cause of the reduced migration on soft-agar plates likely resulted from increased attachment to the substratum and possibly from increased cell-to-cell interactions. Since swimming (by definition) does not involve attachment to surfaces, this would also explain the differences we observed in the degree of impairment when comparing swimming and swarming by the LPS mutants.
The presence of LPS on the surface of a cell affects the manner in which a bacterium interacts with its environment because of its predominance in the outer membrane, its length (extending 31-36 nm from the cell surface to form a barrier around the bacterial cells) and its chemical properties (Lam et al., 1992; Osborn et al., 1964) . LPS of Pseudomonas is known to be negatively charged due to the presence of uronic acid sugar residues in the B-band O antigen and phosphate substitutions on the sugar residues of core OS, particularly the heptose I and heptose II residues in the inner core. In addition, the outer core OS contains neutral sugars that contribute to hydrophobicity (Sadovskaya et al., 2000) . The effect of LPS on the physicochemical properties of the cell was demonstrated in a study performed by Makin and Beveridge, who showed that loss of O antigen in P. aeruginosa strains affects the Fig. 6 . Dispersion of cells in liquid media. Cells were observed for 200 frames (approximately 60 s) with bright-field microscopy after liquid medium was applied to a colony of cells placed on a coverslip. Many wild-type cells were observed to migrate away from the colony. Fewer cells of the migA mutant migrated outwards. In contrast, very few wapR or rmlC mutant cells swam away from the colony. In all strains cells were observed to be actively swimming and could attach to glass. Bars, 10 mm.
hydrophobicity and electronegativity of the cell surface (Makin & Beveridge, 1996) . However, the mutant strains used in that study were variants that had not been genetically characterized and were selected solely on the basis of the LPS phenotype. Recent work carried out by our group using force spectroscopy with an atomic force microscope demonstrates that the adhesion of the rough mutant wapR to glass increases at least 10-fold, compared with the wild-type PAO1 strain, with adhesive forces of 51 pN per PAO1 cell and 530 pN per wapR cell (Lau et al., 2009) .
When cells are growing as part of a population in a microbial colony, the force of hydrophobic interactions between cells is likely more significant than when planktonic cells are interacting with a hydrophilic surface. Increased cell-to-cell contacts have also been observed in a waaG mutant in E. coli (which is defective in core OS biosynthesis) (Agladze et al., 2005) . Using light microscopy, Agladze and co-workers observed bacterial cells forming tightly associated cell clusters attaching to the glass slide; however, accurate cell counting was not attained, due to experimental limitations. Our microscopy analysis showed that mutant cells lacking O antigen that were growing in a colony interacted with one another strongly. These interactions likely prevented the rapid outward migration of the cells that was seen with the wild-type bacterial cells. More force spectroscopy experiments are underway by our group to quantitatively measure the adhesive force of cell-cell interactions in the panel of LPS mutants used in this study. Altogether, our results from this study showed that cells with different LPS composition not only attach differentially to glass, but also have altered affinities for each other
The flagellin glycan and LPS share common biosynthetic precursors Our results showed that flagellin from an rmlC mutant has an altered molecular mass, which is likely the result of changes to or the absence of the glycan of this protein. The genetic evidence provided here suggests that L-Rha is a component of the flagellin glycan of b-type flagellin of P. aeruginosa PAO1. To the best of our knowledge, this is the first report to demonstrate that the L-enantiomer of rhamnose, and not the D-enantiomer, is incorporated into the glycan of b-type flagellin isolated from P. aeruginosa PAO1. These results are supported by previous data from our group, which indicate that flagellin isolated from a PAK rmlC mutant has an apparent molecular mass equivalent to that of unglycosylated flagellin (Matewish, 2004) . In contrast, flagellin isolated from a knockout mutant of wbpL (the initiating glycosyltransferase in O antigen biosynthesis), which lacks O antigen, but has an unaffected core OS, had the same molecular mass as that from the wild-type parent strain when the flagellins were analysed by SDS-PAGE. These data further substantiate the suggestion that O antigen biosynthesis does not play a role in flagellin glycosylation, while the product of the pathway involving RmlC, TDP-L-Rha, is required as a precursor that donates L-Rha as a constituent of the flagellin glycan of atype flagellin in strain PAK and b-type flagellin in strain PAO1.
Our results have added new evidence to an expanding body of work that shows the inter-relatedness of biosynthetic pathways of LPS and other cell-surface molecules. For instance, genetic and structural analysis in P. aeruginosa strain 1244 (serotype O7) has shown that the trisaccharide incorporated into the O antigen [pseudaminic acid-(2A4)-b-xylose-(1A3)-b-N-acetylfucosamine] is also assembled onto pilin (Castric et al., 2001; DiGiandomenico et al., 2002) . Miller et al. (2008) observed that flagellin prepared from a wbpO mutant (wbpO encodes a UDP-N-acetylglucosamine C6 dehydrogenase required for the synthesis of UDP-N-acetylglucosaminuronic acid, which is a precursor of O antigen in strain PAK) exhibited altered electrophoretic mobility and molecular mass when examined by SDS-PAGE and MALDI-TOF MS as compared with the wildtype protein. These results suggest that the product of wbpO (UDP-N-acetylglucosaminuronic acid) is also a part of the biosynthetic pathway for one of the residues of the flagellin glycan of PAK. Together, these studies have shed light on how biosynthetic pathways of cell-surface molecules intersect. Furthermore, our results have suggested that changes either to the LPS molecule itself or in the expression of genes involved in LPS biosynthesis affect the interaction of the bacteria with surfaces, which has downstream consequences for translocation across a surface.
